To determine the hemodynamic and clinical consequences of an atherosclerotic obstructive lesion of the innominate artery on the cerebral circulation, 20 patients with an innominate artery lesion underwent neurologic examination and ultrasonic duplex scanning before and after right arm exercise. The patients were divided into two groups: Group 1, 12 patients with 40-80% stenosis and Group 2, eight patients with 80-100% stenosis. A significant difference between the groups was noted in both the hemodynamic and clinical manifestations. All 12 Group 1 patients compensated for the increased demand for blood of the right arm through the innominate artery itself, and only one showed symptoms of vertebrobasilar insufficiency associated with right arm exercise. In all eight Group 2 patients, compensation through the innominate artery failed; six (75%) showed symptoms of vertebrobasilar insufficiency after exercise. Dynamic duplex scanning is well suited to investigate stenotic lesions of the innominate artery, the effects of arm exercise on the development of cerebral symptoms, and the source of blood flow to the arm. Dynamic duplex scanning proved to be useful in selecting patients who may be candidates for direct arterial surgery. (Stroke 1988;19:958-962)
A n obstructive lesion of a brachiocephalic artery Ljk may cause inversion of the normal pressure J. \. gradient and reversal of blood flow in the ipsilateral vertebral artery with siphoning of blood from the contralateral vertebral artery. When the stenosis is located in the innominate artery, blood flow in the right common carotid artery may also be reduced or even reversed to provide a collateral source of blood to the right arm. This diversion of blood can cause a marginal cerebral circulation so that episodes of ischemia occur spontaneously or secondary to stress associated with exercise of the right arm. Usually a stenotic lesion that involves the innominate artery will not produce signs or symptoms of cerebral dysfunction unless there are either additional sites of severe atherosclerosis of the cerebral arteries or an inadequate collateral circulation. Thus, in evaluating the clinical significance of an innominate artery stenosis, a noninvasive method that permits localization of extracranial arterial lesions and evaluation of the effect of arm exercise would be useful.
Ultrasonic duplex scanning provides a technique by which the arch vessels, the carotid systems, and both vertebral arteries can be visualized transcutaneously. In addition to real-time spectral analysis of the Doppler signals, the degree of stenosis in these arteries can be reliably estimated. '-6 Duplex scanning may also be used to evaluate blood flow at rest and under the influence of physiologic stimuli, such as exercise of the arms.
The purpose of our study was to determine the hemodynamic and clinical significance of obstructive lesions of the innominate artery in patients with cerebral atherosclerosis. We specifically investigated the relation between the degree of stenosis of the innominate artery, the severity of atherosclerosis of other cerebral arteries, the adequacy of the collateral circulation, and the presence of neurologic deficit. Our article outlines the hemodynamic defect in patients with an obstructive lesion of the innominate artery and illustrates the usefulness of duplex scanning at rest and after right arm exercise in the management of such lesions.
Subjects and Methods
Between March 1985 and April 1986 an obstructive lesion of the innominate artery was docu- •Progression or induction of symptoms and/or signs after exercise.
mented by digital subtraction angiography in 10 men and 10 women. The patients ranged in age from 42 to 72 years with a mean of 60 years. All patients underwent neurologic examination and duplex scanning of the brachiocephalic and vertebral arteries on both sides.
The duplex scanner (ATL MK 600) consisted of a real-time mechanical sector scanner and a pulsed Doppler flow meter to examine blood flow characteristics at precise locations in the cerebrovascular tree. The duplex scanner combines the advantages of both techniques used independently. The ultrasonic image of the arteries is an anatomic guide that gives information about the exact location and course of the vessels of interest. Moreover, in many cases the B-mode image provides useful information about atheromatous plaques within and along diseased arteries. Real-time spectral analysis of the Doppler signals assesses the degree of stenosis of the various segments of the cerebrovascular tree as well as the direction and relative magnitude of blood flow in the vertebral arteries.
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Exercise of the right arm was used as a provocative test for cerebral vascular insufficiency based on the theory that blood flow ipsilateral to the exercising limb would be increased by the demands of the contracting muscles and thus deprive the cerebral circulation of an even greater amount of blood. Exercise of the right arm was standardized by means of an ergonomic apparatus, and the applied effort amounted to 1.5 Wxsec for 5 minutes. Both neurologic examination and duplex scanning were performed before and after exercise; the neurologic examination was performed by a neurologist. In particular, attention was paid to the direction and relative magnitude of blood flow in the vertebral, common, and internal carotid arteries on both sides and to the induction of a neurologic deficit by the exercise test.
Results
The patients were divided into two groups on the basis of a difference in systolic blood pressure between the right and left arm: Group 1, 12 patients with a blood pressure difference of <20 mm Hg and an innominate artery lesion with a stenosis reducing the diameter by 40-80% and Group 2, eight patients with a blood pressure difference of >20 mm Hg and an innominate artery lesion with a stenosis reducing the diameter by 80-100% (total occlusion). In eight patients angiography and duplex scanning also revealed marked atherosclerosis of other extracranial arteries. Table 1 shows that the symptoms and signs suggestive of vertebrobasilar ischemia were more or less equally distributed over both groups. However, in all patients of Group 1 the symptoms were more vague and appeared less frequently than in the patients of Group 2. Progression of the signs and symptoms of ischemia of the posterior circulation induced by exercise was noted in only one patient (8%) in Group 1. After the exercise test this patient lost the ability to walk without support for several minutes. On the other hand, right arm exercise resulted in a progression of symptomatology indicative of vertebrobasilar ischemia in six patients (75%) in Group 2. Immediately after the exercise test ataxia and diplopia developed in four and three, respectively, of the eight patients of Group 2.
Amaurosis fugax was found in two patients (17%) of Group 1 and in no patient of Group 2 before exercise, and it is striking that exercise of the right arm did not provoke ischemia of the anterior circulation in any of the 20 patients of this study (Table  1) . These disturbances of the anterior circulation were possibly caused by an ulcerative lesion of the innominate or carotid artery. Table 2 shows the number of patients with a diversion of the blood flow in the right vertebral and/or common carotid arteries before and after right arm exercise. In Group 1 only two patients had reversed blood flow in the right vertebral artery, and in both patients the steal was increased by the exercise test; 10 of the 12 patients (83%) of Group 1 did not show any change in either the direction or relative magnitude of blood flow in the right vertebral artery. Furthermore, no patient of Group 1 demonstrated reversed blood flow in the right carotid system either at rest or after right arm exercise. In Group 2, all eight patients had reversed blood flow in the right vertebral artery, and seven (88%) also had reversed blood flow in the right common carotid artery. In six Group 2 patients, exercise of the right arm increased the steal phenomena in both the right vertebral and common carotid arteries. Table 3 shows the degree of stenosis of the innominate artery and the vessels that contributed to the increased demand for blood of the exercising arm. In all 12 patients of Group 1 the compensation mainly occurred through the innominate artery; there was also some compensation through the left vertebral artery in Patient 5. Patient 8 had severe multivessel disease including total occlusion of the left common carotid artery and subtotal stenosis of the right subclavian artery; there was some com- In no patients of Group 2 was the increase of blood flow required after right arm exercise provided by the innominate artery itself (Table 3 ). In four patients (Patients 13-16) compensation through the left vertebral or common carotid artery was also impossible because of a tight stenosis or hypoplasia of these potential collaterals. All four patients showed an increase of cerebral dysfunction after exercise. Two patients of Group 2 (Patients 17 and 18) had the required increase of blood flow provided by the left vertebral and/or common carotid arteries. In neither patient did right arm exercise provoke any sign of cerebrovascular insufficiency. In Patient 19, right arm exercise increased siphoning of blood from the right vertebral artery, with some recovery of blood from the right subclavian artery into the right common carotid artery. Thus, after exercise there was, in addition to some compensation through the left internal carotid artery, an increase of the physiologic flow in the right internal carotid artery while the velocity in the left vertebral artery did not change significantly. 
Discussion
The more frequent use of aortic arch studies in the investigation of patients with cerebrovascular disease has shown that atherosclerotic lesions of the arch vessels are common. Nevertheless, obstructive lesions of the innominate artery are fairly unusual. Hass et al, 7 in an extensive arteriographic study, demonstrated that the innominate artery was affected in only 4% of their patients. Usually, when this artery was involved other vessels showed atherosclerosis as well. In the event of a severe obstruction of the innominate artery, the reversal of blood flow in the right vertebral and/or common carotid artery is mostly considered to be the major diagnostic component and the probable cause of cerebral ischemia. In other words, the pathogenesis of these symptoms is considered to be a reduction in cerebral blood flow rather than embolic phenomena associated with ulcerative lesions. This is striking since Lord and Berry, 8 in a postmortem study, showed that atherosclerotic lesions of the innominate artery are frequently ulcerated in nature (22%). The possibilities for collateral blood flow around a hemodynamically significant innominate artery stenosis are multiple and most often sufficient. 910 However, in a subgroup of patients repeated episodes of cerebral dysfunction are a disability, and surgical reconstruction is required.
In contrast to obstruction of the subclavian artery, where siphoning of blood from one vertebral artery is usually compensated for by an increase of blood flow in the contralateral vertebral artery without stealing of blood from the basilar artery, stenosis or occlusion of the innominate artery causes a much more severe hemodynamic defect, and the collateral circulation to the brain is more complicated. Blood stolen from the right vertebral artery not only perfuses the right arm but is also recovered by the right carotid artery. 1 1 - 13 If the demand for blood increases, for example by exercise of the right arm, blood may also be siphoned from the right common carotid artery. Depending on the state of the circle of Willis 1114 the primary source of collateral blood flow may then be the left internal carotid artery.
Early diagnosis of obstructive disease of the innominate artery and a clear understanding of the factors concerned in the pathogenesis of cerebral ischemia appear to be important since the condition is correctable by surgery 15 -17 and since cerebral symptoms should thereby be prevented. Some patients particularly complain of cerebral symptoms when carrying out heavy or unaccustomed work with the right arm. The suggestion that symptoms of cerebral ischemia might be related to arm exercise in patients with a subclavian or innominate steal syndrome was initially made by Reivich et al. 18 The precipitation or aggravation of cerebral symptoms by arm exercise depends on the amount of blood being siphoned off through the right subclavian artery, which in turn is affected by 1) the severity and duration of arm exercise, 2) the amount of vasodilatation in the arm, and 3) the adequacy of arm collateral circulation.
In our study, most of the patients with a moderate lesion of the innominate artery (Group 1) did not show any aggravation of their symptoms of cerebral ischemia by right arm exercise. In Group 1 patients the symptomatology was nonspecific and possibly caused by primary vestibular dysfunction, intracranial small vessel disease, or cardiac dysfunction. In these patients compensation for the increased demand for blood of the right arm occurred mainly through the innominate artery itself. On the other hand, compensation for the increased demand for blood of the right arm did not occur through the innominate artery in any patient of Group 2. In most Group 2 patients some compensation occurred through the left vertebral and/or internal carotid arteries. However, this compensation was mostly insufficient, and six patients (75%) demonstrated an increase of neurologic dysfunction after right arm exercise.
In conclusion, the results of our study demonstrate six points. 1) Marked atherosclerotic obstructive disease of the innominate artery is seen mostly in patients with diffuse atherosclerosis; however, in some patients tight stenosis or occlusion of the innominate artery may be the only manifestation of extracranial cerebral atherosclerosis. 2) In patients with a nonhemodynamically significant stenosis of the innominate artery the increased demand for blood of the right arm during exercise is largely provided by the innominate artery itself. 3) In patients with a hemodynamically significant lesion of the innominate artery, this compensation occurred through the left vertebral and/or internal carotid artery; in these patients, right arm exercise usually does not provoke cerebrovascular insufficiency. 4) In some patients, however, compensation through these potential collateral arteries is not possible, and right arm exercise provokes disabling symptoms of cerebrovascular insufficiency; this also may occur in patients without significant atherosclerosis of other extracranial vessels. 5) All our patients in whom the increased demand for blood of the right arm resulted in a cerebrovascular insufficiency demonstrated symptomatology of vertebrobasilar ischemia; symptoms indicative of carotid insufficiency, for example amaurosis fugax, were not provoked by the exercise test and were probably caused by emboli from an ulcerative lesion. 6) With ultrasonic duplex scanning, it is possible to investigate the most important collateral routes semiquantitatively before and after right arm exercise. Dynamic duplex scanning provides an accurate assessment and understanding of the complex hemodynamic consequences of the innominate artery lesion for the cerebral circulation. Combined with a neurologic examination, dynamic duplex scanning is a useful method to differentiate patients in whom the symptomatology is the result of decreased blood flow in the vertebrobasilar arterial system who need direct augmentation of the posterior circulation from those patients who do not warrant vascular reconstruction. Therefore, dynamic duplex scanning can play an important role in the selection of patients with an innominate artery lesion for surgical reconstruction.
